Arthritis is one of the most prevalent medical conditions affecting 54 million people in the USA and costs the US economy approximately \$304 billion annually in medical expenses and lost wages \[[@B1]\]. Per-person medical costs attributed to an average of \$11,052 per year for arthritis patients. There are multiple kinds of arthritis, with osteoarthritis and rheumatoid arthritis being the two primary forms \[[@B1]\]. It is the disease of the whole joint, which involves activation of catabolic enzymes, nitric oxide synthase-2, cyclooxygenases-(COX)-2, degradation of the matrix through matrix metalloproteinases (MMP-1, MMP-3 and MMP-13), a disintegrin and metalloproteinase with thrombospondin-1 domains 4 and 5 and activation of cytokines, such as (IL-6, IL-1β and TNF-α), leading to the destruction of the total joint and chronic pain \[[@B4]\].

Currently, there is no cure for arthritis and arthritis-induced pain. The pain is managed through weight loss, physical therapy, hot/cold therapy, ultrasound therapy, compression therapy and either systemic or topical nonsteroidal anti-inflammatory drugs (NSAIDs) \[[@B4],[@B8],[@B9]\]. Ultimately most patients with moderate-to-severe arthritis progress onto surgical procedures to repair and/or replace the damaged joint \[[@B10]\]. NSAIDs are broadly used for pain management and have short-term efficacy. The long-term application of orally administered NSAIDs has adverse effects on multiple organs, including the kidney, liver, heart and intestinal tract \[[@B11]\]. The topical application of NSAIDs reduces the systemic risks but has reduced efficacy due to limited penetration through the skin \[[@B12]\]. Diclofenac is one of the most common NSAIDs used \[[@B13],[@B14]\]. It inhibits COX-1 and -2, the underlying expression of prostaglandin-2 and thromboxane synthesis approximately 3--1000× more than other NSAIDs \[[@B15]\]. Furthermore, inhibition of COX-1 and COX-2 downregulate pain sensitization through the L-arginine/nitric oxide/cyclic guanosine monophosphate pathway \[[@B13],[@B14]\]. Recent meta-analyses have shown that diclofenac is more effective, relative to other NSAIDs, such as ketoprofen, ibuprofen and piroxicam \[[@B9],[@B15],[@B16]\].

Ultrasound is a high-frequency (nonionizing radiation) mechanical wave with a frequency above 20 kHz (not audible to the human ear). Ultrasound has medical applications for therapeutic and diagnostics purposes. The application of ultrasound varies with intensity and frequency of the ultrasound signal. Therapeutic ultrasound has mechano-transductive, thermal, and cavitation-based effects \[[@B17]\]. Mechano-transduction leads to matrix regeneration and activation of multiple molecular and cellular pathways \[[@B17],[@B18]\]. Thermal effects lead to increased tissue plasticity and blood flow to enhance nutrient transport, vasodilation and removal of cellular waste products \[[@B19]\]. The pressure changes due to acoustic waves, allow ultrasound to induce cavitation effects in the cell membrane, increasing cell permeability and the potential for drug delivery \[[@B20],[@B21]\]. Continuous ultrasound also creates a convective phenomenon of acoustic streaming; the bulk flow of fluids and molecules in the propagation path of the ultrasonic wave \[[@B22]\]. Acoustic streaming increases drug delivery in phantom muscle and brain tissues \[[@B23]\].

The sonophoresis mechanism of ultrasound uses thermal, cavitational and streaming properties as well as continuous low-intensity ultrasound that can be used as a potential tool to enhance localized transdermal drug delivery to treat arthritis \[[@B24]\]. Application of topical NSAIDs, along with ultrasound stimulation, can potentially increase the delivery of NSAIDs to the joint. While there have been many studies that have shown the efficacy of sonophoresis in preclinical settings \[[@B25]\], their transition into clinical practice has proven difficult, since daily sonophoresis treatment is cost-prohibitive, as treatment is delivered in a healthcare providers office \[[@B21],[@B24],[@B25]\]. There is a medical need to develop a sonophoresis technology that is portable and easy-to-use, to deliver NSAIDs.

Sustained acoustic medicine (sam^®^) is a US FDA-cleared class-II prescription home-use medical device that delivers continuous 3 MHz, 1.3 W, 132 mW/cm^2^ ultrasound for 4 h \[[@B26]\]. The device is applied to the treatment area through an ultrasonic coupling patch with high-viscosity ultrasound coupling gel ([Figure 1](#F1){ref-type="fig"}). Throughout a 4-h treatment, the sam device delivers 18,760 Joules of energy, which is significantly higher than any other commercially available devices, generating vigorous diathermy and increased healing rates \[[@B19]\]. sam has established clinical efficacy to reduce pain and improve function for soft tissue injuries, spasms, strains, joint arthritis and back pain \[[@B26]\]. The ultrasound parameters of sam are well suited for sonophoresis drug delivery, since studies have shown that continuous ultrasound has a better drug delivery performance relative to pulsed ultrasound \[[@B29]\]. sam\'s multihour treatment increases skin permeability and tissue regeneration along with diathermic effects to reduce arthritis-associated pain \[[@B30]\]. Furthermore, the wearable and home-use design of sam allows it to be used outside of the clinical environment for daily therapy. sam increases the permeability of skin to allow deeper penetration of the drug. This becomes a potential approach for the treatment of localized pathology like arthritis, as sam enhances localized drug delivery while decreasing adverse effects of the systemic application of NSAIDs.

![Sustained acoustic medicine transdermal drug-delivery system.\
**(A)** Sustained acoustic medicine ultrasound system, two ultrasound generators approximately 2.5 cm diameter, connected to the ultrasonic coupling patch, delivering constant ultrasound signal at 3 MHz, 1.3 W and 132 mW/cm^2^ intensity. The entire system is approximately the size of a cell phone. **(B)** Ultrasonic 3D beam scan of pressure field 3 mm from the face of an ultrasound generator. The pressure field is uniform with a beam nonuniformity ratio less than 2:1, and an active radiating surface area of 5 cm^2^.](tde-11-363-g1){#F1}

Furthermore, the anti-inflammatory properties of ultrasound have been well studied. Ultrasound downregulates IL-1β, NF-κB and Iκ-βα to reduce the rate of cartilage and bone degradation, due to inflammation \[[@B31],[@B32]\]. Emerging evidence also suggests that ultrasound slows down the inflammatory degeneration of arthritic joints and associated pain with the inflammatory environment. The localized application of sam treatment has little or no adverse effects making it a useful drug delivery device for arthritis. The objective of this study is to evaluate the application of sam as an NSAID sonophoresis device for the potential application in arthritis associated pain management.

Materials & methods {#S0001}
===================

Ultrasonic pressure field distribution & beam scan {#S0002}
--------------------------------------------------

The commercially available sam treatment device is a fully integrated closed-loop device. Operating off 3.7 volts direct current power, containing parallel low-impedance ultrasound generation circuitry, dual transducer with coupling interface, closed-loop feedback control monitoring coupling, energy-delivered and temperature all housed in a welded acrylonitrile butadiene styrene shell. The device is powered by a rechargeable lithium-polymer cell and coupled to the treatment area with an ultrasonic coupling patch ([Figure 1](#F1){ref-type="fig"}A). The sam device delivers ultrasound at 3 MHz, 1.3 W (0.65 W per transducer) and 132 mW/cm^2^ intensity. Each ultrasound transducer generator has an active radiating area of 5 cm^2^, a beam nonuniformity ration of less than 2:1 ([Figure 1](#F1){ref-type="fig"}B) and a 10° divergent lens made from medical grade polymethyl pentene to spread the ultrasonic energy entering the application site. The ultrasound transducer spreads over the tissue to maximize acoustic streaming while preventing focal regions, hotspots and the formation of standing waves inside the tissue. The divergent ultrasound field, natural reflection and scattering in the tissue increases the treatment volume of each generator to be approximately 58 cm^3^ and up to 5-cm deep inside the tissue. Internal ultrasonic and temperature control at the transducer-circuit interface provides real-time echogenic feedback to assure the device is appropriately coupled to the application target.

Preparation of the sam device & diclofenac ultrasound gel patches {#S0003}
-----------------------------------------------------------------

A 3M™ science applied to life custom, biocompatible, nonwoven material was selected as the material to create the sonophoresis delivery patch, to secure the sam ultrasound system in place. Spun-lace polypropylene material provided welding compatibility to a custom polypropylene containment reservoir that housed the drug in a sealed compartment. The containment reservoir was designed with a break-away tab to allow for easy insertion and removal of the ultrasound generator, as shown in [Figure 1](#F1){ref-type="fig"}. The containment reservoir holds 3 ml of gel when the ultrasound generator is secured into the device and attached to the treatment location. The containment reservoir was optimized for the insertion of the ultrasound generator and containment of the ultrasound coupling agent. During the design process, the containment reservoir developed ±5 N of force for insertion and removal of the ultrasound device measured with a pull and insertion force load-cell. The removal of the adhesive patch force is approximately 2 N, measured by the peel test as described by Mohammed *et al.* \[[@B33]\]. The containment reservoir was filled with 1% diclofenac gel, formulated using diclofenac sodium \[[@B34],[@B35]\] All components were tested for biocompatibility and stability.

Testing ultrasonic coupling & diathermy profile of the sam diclofenac gel patch versus commercial gel patch {#S0004}
-----------------------------------------------------------------------------------------------------------

Bovine muscle samples (n = 12) were harvested from the local butcher (3.5 cm × 10 cm × 15 cm, 1000 g ± 60 g, 20°C), and divided into two groups: diclofenac gel patch (n = 6) and commercial gel patch (n = 6). Samples were wrapped in cellophane to maintain the moisture content of the tissue. A 3-cm hole was cut in the cellophane to apply the coupling gel for evaluation. Needle thermocouples Type K with hypodermic tips (Oakton 072297B-K, Oakton Instruments, IL, USA) were inserted at 1, 2 and 5 cm below the surface of the tissue and centered below the coupling to record temperatures using an Omega Data Logger (OM-DAQPRO-5300, Omega Engineering, CT, USA). Temporal coupling and the diathermic profile of the diclofenac gel patch was measured, side by side, in comparison with the commercial gel patch over a 4-h treatment cycle.

Testing NSAID drug delivery with the sam device {#S0005}
-----------------------------------------------

Skin and tissue phantoms were used to assess the penetration depth of 1% diclofenac ultrasound gel with the sam device over a 4-h treatment period. Active sam treatment was compared side-by-side with a nonactive device as a topical control. Strat-M Membrane (EMD Millipore, MA, USA) transdermal skin and an established experimental technique for concentration/penetration mapping through thirty 1-mm thick 32-mm diameter polyethylene oxide (PEO) (Hydress, Alliqua Biomedical, Inc., PA, USA) tissue hydrogel phantoms (n = 3) were used to mimic human tissue (human skin and tissue analog) \[[@B36],[@B37]\]. PEO discs were stacked into a 30-mm pile and fitted into a polyurethane Franz-cell with a 32-mm diameter and 30-mm depth ([Figure 3](#F3){ref-type="fig"}A). Before placing into the Franz-cell, PEO discs were soaked in deionized, degassed water and stacked into groups of ten smoothly to ensure there were no air bubbles between the discs while filling the Franz-cell ([Figure 3](#F3){ref-type="fig"}B). Strat-M Membrane was applied to the top of the Franz cell chamber, holding the hydrogel stack in place. The 47-mm diameter Strat-M Membrane was large enough to seal the entire top of the Franz-cell and was sandwiched between the PEO discs on the bottom and diclofenac gel patch + sam device on the top. The presectioned 1-mm thick PEO hydrogel discs in the 30 mm stack provided an efficient means of profiling diclofenac drug delivery across the skin analog, including penetration and concentration through visualization techniques. It was ensured that there were no air gaps between the ultrasound transducer, diclofenac gel, Strat-M membrane and hydrogel discs. The set up was stimulated for 4 h with active sam (3 MHz, 132 mw/cm^2^, continuous ultrasound) and an in-active device ([Figure 3](#F3){ref-type="fig"}C).

![Sustained acoustic medicine ultrasound coupling and diathermic measurements.\
**(A)** Temporal diathermic profile of sustained acoustic medicine stimulation with standard ultrasound gel and **(B)** 1% diclofenac coupling gel showing no statistical differences at 1-, 2- or 5-cm measurement depths. Both standard and diclofenac ultrasound gels provide excellent coupling of ultrasound into deep muscle tissue.\
ΔT: Change in temperature.](tde-11-363-g2){#F2}

![Transdermal drug delivery experimental setup with sustained acoustic medicine device.\
**(A)** Depiction of Franz-cell setup with sustained acoustic medicine (sam^®^) active and off/control ultrasound generators. The 1% diclofenac ultrasound gel shown in red is captured between the ultrasound transducer and Strat-M membrane with a coupling patch and reservoir. Beneath the membrane, a stack of 30 polyethylene oxide layered hydrogels mimic human tissue to measure active versus off/control sam for drug delivery. **(B)** Experimental sam test chambers with hydrogel layers filled, and **(C)** with a 1% diclofenac ultrasound coupling patch and active sam device.](tde-11-363-g3){#F3}

Visualizing the transport of diclofenac & sam-enhanced diclofenac delivery {#S0006}
--------------------------------------------------------------------------

After 4 h of sam stimulation, the hydrogel discs were individually collected with a tweezer and immersed in a 0.1% iron (III) chloride solution for 90 s. This resulted in the formation of a ferri-phenol complex and rapid coloration of the hydrogel discs, the discs were immersed for an extended time to ensure completion of the reaction \[[@B38]\]. The discs from the respective chamber were placed in a series and imaged with a digital camera. ImageJ was used to quantify the amount of drug penetration through PEO hydrogel discs and normalized by the area covered by the stain \[[@B39],[@B40]\]. The depth of penetration was quantified through numbers of hydrogels with positive a stain. The data were averaged and presented with standard deviation. Student t-test was used to test statistical significance with p ≤ 0.05 considered as a significant difference.

Results {#S0007}
=======

sam device shows constant uniform stimulation over its surface {#S0008}
--------------------------------------------------------------

The sam device delivers a constant 2.5-cm diameter acoustic signal across the transducer surface, ensuring consistent and leveled drug delivery across the skin analog and through the hydrogel stack, as shown in [Figure 1](#F1){ref-type="fig"}.

sam does not change diathermic profile with diclofenac ultrasound coupling gel patch {#S0009}
------------------------------------------------------------------------------------

sam stimulation shows a significant gradual increase in temperature over 240 min (4 h) and a consistent temperature drop poststimulation of sam. Diclofenac ultrasound gel (1%) provided clinically relevant \>8, \>6, \>2°C modulation at 1-, 2- and 5-cm tissue depths, respectively, and showed no significant change in diathermic properties compared with the control group ([Figure 2](#F2){ref-type="fig"}A & B). sam stimulation provides significant diathermic effects enabling the increase in permeability and comparative ANOVA analysis of the ultrasound gel coupling patch with a 1% diclofenac gel coupling patch showing no significant change in diathermic profiles through the depth of bovine tissue ([Figure 2](#F2){ref-type="fig"}).

sam treatment enhances drug transport through skin analog {#S0010}
---------------------------------------------------------

Active sam treatment improved the relative transmission of diclofenac by 3.8-fold ± 0.18 (p \< 0.01) relative to the 4 h of control ([Figure 4](#F4){ref-type="fig"}C). Diclofenac delivered with sam showed significantly deeper penetration through 21 ± 1 tissue discs ([Figure 4](#F4){ref-type="fig"}B) relative to 16 ± 1 discs in the control group ([Figure 4](#F4){ref-type="fig"}A) (p \< 0.01). sam increased diclofenac penetration by 32% for 5 mm more than the control group (p \< 0.01). Active sam treatment provided a more significant increase in both penetration and the total quantity of NSAID delivered through the skin analog.

![Increased transdermal drug delivery with sustained acoustic medicine ultrasound treatment.\
**(A)** Diffusion control group. **(B)** sam-treated group show penetration of dye through more than 21 hydrogel discs (32% greater penetration, +5 mm) while the control group show dye penetration through approximately 16 hydrogel discs (p \< 0.01). **(C)** Active sam treatment group (orange) show 3.8 ± 0.18-fold increase in diclofenac flux relative to control group (blue) (p \< 0.01).\
sam: Sustained acoustic medicine.](tde-11-363-g4){#F4}

Discussion {#S0011}
==========

Arthritis is the pathology of the full joint, which leads to degeneration of cartilage, meniscus, tendon and bone due to a highly inflammatory environment over a long time \[[@B4]\]. COX-1/2 pathway regulates the most common inflammatory cytokines involved in the degradation of joints, which are known for joint destruction but also because of underlying pain associated with arthritis. NSAIDs such as ibuprofen, ketoprofen, salicylate, naproxen and diclofenac have been used for pain management along with physical therapy \[[@B11],[@B15]\]. Diclofenac has shown the most efficacy, as COX-1/2 inhibitors lead to the downregulation of prostaglandin-2 and associated inflammatory cytokines such as us IL-1β, TNF α, along with MMP 13, a disintegrin and metalloproteinase with thrombospondin-1 domains 4 and 5 \[[@B13],[@B14],[@B34],[@B41]\]. Systemic application of long-term use NSAIDs can cause severe damage to the kidney, liver and gastrointestinal complications, while only providing short-term pain relief. The topical application of NSAIDs reduces the systemic adverse effects of NSAIDs and significantly reduces their efficacy due to limited penetration through the skin \[[@B8],[@B9],[@B12],[@B16],[@B42]\]. Various methodologies have been applied to increase localized permeability, limited efficacy and/or high adverse events.

Sonophoresis has shown to be a potentially useful mechanism for localized transdermal drug delivery. Feiszthuber *et al.* showed an increase in the pectinaceous delivery of insulin in the porcine skin model \[[@B43]\]. Similarly, Jabbari *et al.* \[[@B44]\] used a portable ultrasound device to deliver insulin *in vivo* rat model. The parameters used to test the efficacy of ultrasound as a transdermal drug delivery device have varied through different studies. Aldwaikat and Alarjah used diclofenac 1 and 20 MHZ varying amplitudes, times and duty cycles to study the effects of changing ultrasound parameters on the drug-delivery efficacy in skin cultures \[[@B45]\]. The data from the study show that 20 kHz 20% amplitude for 5 min with 100 duty cycle has the most significant efficiency. More recent studies have also used a dual transducer approach to increase thermal and cavitational effects \[[@B46]\]. Some research has studied ultrasound as a combination mechanism with other mechanisms such as electroporation, nanoparticles and microneedles, to improve the efficacy of transdermal drug delivery \[[@B24],[@B47]\]. Huang *et al.* used the ultrasound-mediated microbubble approach to enhance diclofenac transdermal drug delivery in the rat arthritis model \[[@B50],[@B51]\]. Similarly, Liao *et al.* has shown significantly high transdermal diclofenac delivery in the rheumatoid arthritis rat model \[[@B34],[@B35]\].

Furthermore, studies have shown that ultrasound has regenerative properties leading to regeneration by increasing glycosaminoglycan and collagen II levels in the cartilage matrix \[[@B32]\]. Meta-analysis has demonstrated that diclofenac is potentially the most effective NSAID in pain management of knee arthritis \[[@B15],[@B34],[@B41]\]. This study uses a commercially available FDA class-II sam medical device; a wearable, multihour ultrasound device to enhance the drug delivery of diclofenac using a tissue analog mimicking human skin. sam-ultrasound-treated diclofenac sample shows 3.8-fold more delivery of NSAID and 5 mm (32%) increase in deeper penetration through the skin analog, relative to the control group. The quantification of the data confirms the penetration of the drug deeper through the tissue analog.

The sam device provides a continuous ultrasound signal with 3 MHz, 0.65 W and 132 mW/cm^2^ intensity that generates constant mechanical signals, penetrating layers of skin along with diathermic effects leading to the increase of the permeability of the skin. Previous studies have shown that continuous ultrasound has better sonophoresis abilities than pulsed ultrasound, furthermore, multihour therapy ensures complete penetration of the drug \[[@B29],[@B52]\]. The device application with topical NSAIDs, specifically topical diclofenac or diclofenac patches, makes it a potential treatment for pain management for arthritis patients. The delivery of diclofenac is localized because low intensity continuous ultrasound is being applied at a certain area (5 cm^2^) with 10° divergence, resulting in a localized acoustic signal and skin permeability. Deeper and sustained drug delivery ensures improved pain management of arthritis by downregulating cytokines and potentially enhancing cartilage regeneration.

The 1% diclofenac ultrasound gel does not significantly change the diathermic properties of sam treatment with standard gel. Side by side comparisons demonstrated similar temporal heating profiles at 1-, 2- and 5-cm tissue depths. Diathermic stability confirms that the 1% diclofenac ultrasound gel does not alter the therapeutic effectiveness of sam device applied to the skin. Fraz-cell experiments using a human skin analog applied the acoustic streaming to increase the penetration of diclofenac through the layers of skin analog, showing that sam device provides significantly deeper penetration of diclofenac. The current study uses a skin analog, which implies the benefits of acoustic streaming to increase the penetration of diclofenac through the skin analog. Application of sam *in vivo* skin will further enhance its efficacy as previous studies have shown that ultrasound increases skin permeability through thermal and cavitational effects.

Furthermore, the application of ultrasound increases skin loosening, the blood supply to the skin and roots of hair follicles, allowing drug penetration and accessibility deeper into the skin tissue, which is typically not assessable to topical applications of the drug. sam diathermic changes will lead to increased skin permeability, loosening and overall porosity for the drug to penetrate deeper. sam uses a sonophoresis mechanism to improve drug delivery as a portable, easy to use, multihour wearable device.

The improved delivery of diclofenac may clinically provide enhanced inhibition of inflammatory cytokines, increased drug availability in the joint space through acoustic streaming and overall tissue oxygenation, leading to reduced osteoarthritis associated pain and increase mobility. Furthermore, retaining the anabolic abilities of ultrasound alone may help slow down the degradation of cartilage during disease progression. Our previous studies have clinically shown the efficacy of sam as a pain management device. Collectively, this study shows the efficiency of the commercially available sam device as a drug delivery sonophoresis system for drugs such as diclofenac.

Conclusion {#S0012}
==========

Arthritis is a localized, degenerative disease. The systemic application of NSAIDs over a long period can have severe consequences to multiple organs, thus, there is a need for a localized therapy to reduce arthritis induced pain. sam is an FDA-approved medical device for pain management, and the current study shows the sonophoretic application of sam using a 1% diclofenac ultrasound patch in the human skin analog. The data show an increase in temperature, increasing localized vasodilation, oxygenation and drug exchange, as well as increased drug penetration due to the increase in skin porosity and acoustic streaming. Collectively all these properties can improve targeted drug delivery, essential for localized pathology like arthritis.

Future perspective {#S0013}
==================

Arthritis is a localized pathology and long-term application of NSAIDs has adverse effects. Currently, there is no effective cure for arthritis and there is a need to develop technology that can specifically target arthritis joints. The novel approach of sam sonophoresis therapy is to provide a medical device that is portable, more efficient and convenient. The proprietary design uses a unique, low impedance approach to produce medically relevant acoustic pressures with reduced energy consumption. The miniaturized transducer and circuit technology allow the ultra-efficient, low impedance electro-acoustic conversion to the smallest size of any currently available device with the ability to deliver localized NSAIDs through the skin. In future experiments, the rate of penetration can be quantified by stimulating hydrogel for multiple periods and comparing the rate of penetration with and without sam stimulation. Relative to other drug-delivery devices, this sam -- 1% diclofenac provides multiple hours of in-home, easy-to-use, sonophoresis targeting inflammatory COX-1 and COX-2 pathways. sam device has already been approved by FDA for pain management and 1% diclofenac has shown high efficacy in arthritis, as combination therapy can significantly enhance the effectiveness of NSAIDs and reduce their adverse systemic effects. The future use of this device can allow patients to use the sonophoresis of drugs in the convenience of their home.

###### Summary points

-   Sustained acoustic medicine (sam^®^) is a novel sonophoresis system, 100% duty cycle, 3 MHz, 1.3 W and 132 mW/cm^2^ intensity multihour wearable device.

-   3D ultrasound beam mapping of sam shows consistent uniform acoustic pressure over the surface of the transducer with a 2:1 beam nonuniformity ratio.

-   Stimulating bovine tissue with sam for 4 h increases tissue temperature \>8°C with a gradual increase in temperature and no change in diathermic profile, when 1% diclofenac ultrasound gel is compared with a standard ultrasound coupling gel.

-   sam transdermal driven diclofenac drug showed increased delivery 3.8× (p \< 0.01) and penetration 32% (p \< 0.01) into and through the skin analog compared with the control.

-   sam 1% diclofenac patch is a potential localized drug-delivery system to target arthritis and other painful conditions with limited or no systemic risks.

Dr Lewis Sr supervised the research and the paper was written prior to Dr Lewis Sr passing away.
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